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Untethered Fluidic Engine for High-Force Soft Wearable

Robots

Antonio Di Lallo, Shuangyue Yu, Jonathon E. Slightam, Grace X. Gu, Jie Yin,

and Hao Su*

Fluid-driven artificial muscles exhibit a behavior similar to biological muscles
which makes them attractive as soft actuators for wearable assistive robots.
However, state-of-the-art fluidic systems typically face challenges to meet the
multifaceted needs of soft wearable robots. First, soft robots are usually con-
strained to tethered pressure sources or bulky configurations based on flow
control valves for delivery and control of high assistive forces. Second, although
some soft robots exhibit untethered operation, they are significantly limited to
low force capabilities. Herein, an electrohydraulic actuation system that enables
both untethered and high-force soft wearable robots is presented. This solution
is achieved through a twofold design approach. First, a simplified direct-drive
actuation paradigm composed of motor, gear-pump, and hydraulic artificial
muscle (HAM) is proposed, which allows for a compact and lightweight (1.6 kg)
valveless design. Second, a fluidic engine composed of a high-torque motor with
a custom-designed gear pump is created, which is capable of generating high
pressure (up to 0.75 MPa) to drive the HAM in delivering high forces (580 N).
Experimental results show that the developed fluidic engine significantly out-

these reasons, they represent an attractive
solution for assistive devices, with great
potential to substantially enhance physical
human-robot collaboration. Recent advan-
cements in soft and wearable robots have
enabled remarkable progress in assistive
technology, leading to an expansion of
applications for physical augmentation
and prosthetics."? In particular, assistance
from single degree-of-freedom robots has
gained increasing interest and has been
proved to benefit users in a wide range
of scenarios, either for reducing effort
in able-bodied individuals or to restore
mobility in subjects with movement
impairments.

Human movement is characterized by
high joint moments; thus, it requires
substantial assistive forces (over 200 N)

performs state-of-the-art systems in mechanical efficiency and suggest oppor-
tunities for effective deployment in soft wearable robots for human assistance.

1. Introduction

Soft robotic systems exhibit a behavior similar to biological
muscles, with inherent compliance and robustness, that ensure
safe interaction with human body and resilience to impacts. For

even when only a fraction (typically about
30%) of the biological torque is
provided.®™  State-of-the-art assistive
robots typically apply torque at the target
joints by means of electric motors and rigid
structures®'? or provide pulling forces
through cable transmission-based mechanisms."''® These
forms of actuation struggle to accurately replicate the motion
at human joints and the performance needed for human pros-
thetics and exoskeletons. Despite progress in their design, fabri-
cation methods, and control, these systems are still lacking in
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terms of performance for effective use in human-scale dynamic
limb-based locomotion and whole-body manipulation. In fact,
rigid mechanisms tend to restrict the natural free movement
of the user and suffer from misalignment issues with the
assisted joints. To tackle these challenges, fluid-driven flexible
actuators emerge as promising alternatives. With capabilities
of imitating, or even surpassing biological muscles, these actua-
tors present a potential paradigm shift from rigid electromag-
netic motors to more versatile and collaborative robotics
scenarios.'’ 33 However, the full potential of these soft actuation
systems is yet to be realized, with the state-of-the-art research pre-
dominantly focusing on the development and control of artificial
muscles, while relatively little attention has been paid to the evo-
lution of fluidic engines. In particular, the shortage of portable
methods for powering fluidic actuators to generate forces com-
mensurate to human muscles stands as a key barrier toward a
wider and more effective deployment of soft robots in collabora-
tive tasks.

The first challenge of fluid-driven soft robots for human assis-
tance is that they are typically operated through stationary, teth-
ered, or bulky power and actuation systems,?**% as depicted in
Figure 1a. Air is commonly used as a fluid medium due to its
accessibility (no need for a fluid tank), availability of precom-
pressed air sources, low mass, and compressibility, which ena-
bles superior compliance. In parallel to pneumatic systems,
hydraulic actuation has also been explored as a viable option
in a variety of scenarios. Due to the approximative incompressi-
bility and higher viscosity of liquids, hydraulic actuation is char-
acterized by high-power density, fast dynamic response, and
good controllability, being preferable for applications requiring
high-strength and swift motion.*'~**! Hydraulic actuation has
already proved to be very effective for driving highly dynamic leg-
ged robots, such as humanoids and quadrupeds.** Yet, these
systems incorporate industrial-style hydraulic sources designed
to simultaneously power multiple rigid actuators,*” making
them impractical for portable wearable robots due to their
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substantial size and weight. Therefore, more compact and light-
weight hydraulic solutions are highly demanded for powering
portable, untethered soft robotic systems.™”

As a second challenge of fluid-driven soft collaborative robots,
while a few untethered examples have been demonstrated, their
level of force is inadequate for activities involving meaningful
cooperation with humans, especially for physical assistance to
human lower limbs. In particular, stretchable pumps for
completely soft machines have been realized by coupling
electrostatic and fluidic components.*®*”) However, due to their
extremely minimal size and weight, these systems currently are
limited to microscale applications, while their scalability remains
a challenge. To date, their performances exhibit low output pres-
sure, flow rate, and efficiency, restricting them to miniature devi-
ces or systems applications with minimal force requirements,
such as fluid circulation for thermal regulation.[* For instance,
coupling a stretchable pump with a thin McKibben muscle
results in forces lower than 1 N and pump efficiency of 0.65%.**!

In response to these two challenges, there is a pressing need
for innovative actuation methods capable of delivering human-
scale forces in lightweight, energy-efficient configurations. "’
To date, there are no viable solutions to achieve both portability
and high-force capability in the deployment of a fluid-driven arti-
ficial muscle, as evident from Figure 2 and Table 1. The contri-
bution of this article aims to fill this gap by proposing a novel
design of an untethered electrohydraulic actuation system for
high-force, soft collaborative robots (Figure 1b). This innovative
solution is achieved through a twofold method: 1) we propose a
simplified direct-drive actuation paradigm where the hydraulic
artificial muscle (HAM) is directly controlled via the motor-pump
unit, which eliminates the need for auxiliary components (e.g.,
accumulator, valves) and allows for a fully integrated design,
resulting into a compact and lightweight module, well-suited
for untethered operation; and 2) we created a fluidic engine com-
posed of a high-torque motor and a custom-designed gear pump
that is capable of generating high pressure (up to 0.75 MPa) to

(b) Our Fluidic Engine for
Untethered and High-Force
Soft Robots o

Control
Electronics ) Gear

Pump Artificial

Muscle

Controller

No need for auxiliary
control components
(accumulator, valves)

Artificial
Muscle

Figure 1. Mechatronics architecture of conventional actuation for soft wearable robots versus our untethered and high-force actuation with reduced
complexity and bulkiness. a) Conventional approach typically employs a tethered pressure source, a high-pressure accumulator for storing pressurized
fluid, and flow control valves for controlling the operation of the artificial muscle. b) Here, we created a mechatronic solution for untethered and
high-force wearable applications using a compact motor-pump unit to directly drive and control the artificial muscle.
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Figure 2. The presented work fills a gap in the state of the art consisting in
the lack of forms of actuation for effective deployment of soft fluid-driven
robots in untethered and high-force wearable applications. For complete-
ness, quantitative data are reported in Table 1.

drive the HAM in delivering high forces. The resulting mass of
the entire system is only 1.6kg (including the battery) and is
capable of delivering forces up to 580 N, which makes it highly
suitable for human-scale interaction in portable assistive robots.

2. Experimental Section

To unleash the full potential of soft collaborative robots, new
forms of actuation or dedicated actuation designs are needed.
This section discusses the requirements for a portable, high-
performance unit to power fluid-driven artificial muscles, and
presents the proposed conceptual and mechatronic design.

2.1. Requirements

A standalone system for community-based assistance requires an
actuation unit that is both portable and capable of producing
human-scale forces. The need for portability imposes a minimi-
zation of the weight and size of the actuation unit, so that it can
be easily carried by a person. Within the domain of fluid-
driven wearable robots, including prostheses and exoskeletons,
a mass lower than 4.5kg is a reasonable value for a portable

www.advintellsyst.com

design.?***°% Meanwhile, adequate energy efficiency should
be pursued to ensure decent autonomy for the operation of
the device.

On the other side, it is important that the robotic system can
achieve the necessary motion and force outputs to assist humans.
Considering the lower limb joints, which are larger and stronger
than those of the upper limb due to the functions of weight-
bearing and balance, human locomotion is characterized by
low frequency®*? and high torques. The biological torque data
shown in Table 2 are based on data from healthy human subjects
(70.9kg average weight) walking at 1.1 ms~".**) However, for
effective assistance it is generally unnecessary to aid with high
percentages of biological torque, as required instead for rehabili-
tation robots that aim to assist people who are fully paralyzed
(e.g., exoskeletons developed by Rewalk, Ekso Bionics). Well-
timed partial assistance (20-30% of biological torques) already
demonstrated substantial biomechanical benefits in able-bodied
subjects.”***! Design requirements are detailed in Table 2. It was
determined that a peak force of 394 N is required for 30% assis-
tance to any of the lower limb joints (hip, knee, or ankle). It is
worth noting that these requirements are not exhaustive for the

Table 2. Assistance requirements for wearable robots with medium level
(30% of biological torque) of physical assistance to hip, knee, or ankle
joint, and actual specifications of the developed portable hydraulic
wearable robot. Our robot meets the requirements (see section IIB) for
hip, knee, or ankle joint assistance. The biological range of motion and
torque is based on kinematic and kinetic data from healthy human

subjects (70.9 kg average weight) during walking at 1.1ms™".

Walking [1.1ms™] Hip Knee Ankle
Biological reference (70.9 kg)

Peak torque (Nm) 64 35 92

Desired assistance (30% of biological torque)

Peak torque (Nm) 19.2 10.5 27.6
Moment arm (m) 0.08 0.05 0.07
Peak force (N) 240 210 394
Our robot

Peak force (N) 580 580 580

Table 1. Performance comparison with state-of-the-art systems. The proposed work stands out for its capability to deliver high forces (580 N) in a
compact and lightweight (1.6 kg) configuration, being suitable for untethered wearable assistive applications. Bold values highlight limitations of

state-of-the-art systems, while N/A stands for unavailable quantities.

Morita 2018 Cacucciolo 2020 Sridar 2020 Bell 2022 This work
System mass >90 kg 2 g (w/o electronics) 5.1kg N/A 1.6 kg
Output force 8.8Kn 0.84 N 58N N/A 580N
Force density <100 N kg <420 N kg 11 N kg N/A 360 N kg
Fluid Hydraulic oil Air Air Air Hydraulic oil
Artificial muscle dimensions 217 x 400 mm 28 x 180 mm N/A 41 x 25 x 195 mm 210 x 260 mm
Motion range 30% contraction ratio 2.2% contraction ratio 90° bending 220° bending 21% contraction ratio
Responsiveness 1Hz N/A N/A 36°/s 2.4 Hz
Controllable direction Unidirectional Bidirectional Bidirectional bending Bidirectional bending Bidirectional
Max efficiency N/A 0.65% N/A 2% 15% (motor-pump)
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design of a wearable device and only affect the actuation unit.
Other factors come into play when designing an assistive robot,
such as the wearability, fabrication costs, and safety concerns, but
these aspects are out of the scope of this article and will not be
discussed here.

2.2. Conceptual Design

Conventional fluidic high-force soft robots rely on tethered pres-
sure sources, either pneumatic or hydraulic. Figure 3a illustrates
the most common schematic for fluidic robots, where a compres-
sor works to maintain an applied pressure in the accumulator,
and a valve or pressure regulator is in charge of regulating
the flow to the soft actuator. Thus, the dynamic control of the
soft actuator is managed by controlling its relative valve.
While this method is suitable for high-power platforms that usu-
ally involve control of multiple active joints, such a system is
unnecessarily bulky and heavy for driving a soft actuator. The
presence of auxiliary components (e.g., accumulator, valves)
introduces an avoidable penalty to the mass and the compactness
of the system, which constitutes a considerable barrier for a wear-
able device.

The recent development of electrohydraulic pumps has
enabled the integration of power supply, pressure source, and
soft actuator in miniaturized systems that weigh only a few
grams.*®*”) These systems are extremely compact and light-
weight, but it is still not clear if they can be efficiently
scaled up to deliver human-scale forces. To tackle the lack of
portable actuation units for high-force applications, we designed
an integrated system with a reduced set of components. This is
achieved through the direct (i.e., valveless) drive of the soft
actuator by a customized motor-pump unit, as shown in
Figure 3b. Unlike common systems that rely on solenoid
valves to control the fluid flow, in our system the controller acts
directly on the pressure source to operate the artificial muscle,
without interposition of extra components for flow regulation.
In this way, the mass and volume of the system are kept
substantially small, while the control of the actuator is performed
by directly controlling the angular velocity of the motor-pump

2.3. Mechatronics Design of Untethered and High-Force
Electrohydraulic Actuator

Aiming at a portable system, it is critical to engineer all the hard-
ware components into a compact and fully integrated ensemble.
The system weighs 1.6 kg and includes the power supply (i.e., a
lithium polymer battery pack, 22.2V, 1800 mAh, warranting a
life duration of 1.5 h), the fluidic engine (i.e., motor and pump),
a fluid-driven soft actuator, a fluid tank, and electronic compo-
nents for sensing and control, as shown in Figure 4.

The fluidic engine is the key component to ensure the supply
of adequate pressure to the soft actuator. It converts the chemical
energy stored in the battery to the hydraulic pressure needed to
operate the soft actuator. To maximize the output pressure, the
designed system combines a high-torque brushless DC motor
with a customized gear pump. The gear pump was chosen
because of its simple design, compact size, robustness, and
high-power density. Gear pumps operate by transferring fluid
between the teeth of two rotating gears, as shown in
Figure 5a. One gear is driven by the motor shaft and the other
is idle. As the gears rotate, they create a vacuum on the side
where the teeth go into the mesh (inlet port), drawing fluid into
the pump. Then, fluid is enclosed within the cavities between the
gear teeth and the housing and is transferred to the discharge
port. This working principle ensures that theoretically a constant
amount of fluid (i.e., fixed displacement) is pumped for each rev-
olution of the motor shaft, which allows for direct control of the
flow rate by regulating the angular velocity of the motor speed.
Another advantage of the gear pump is that it is a reversible
pump, i.e., it allows for bidirectional flow between the fluid tank
and the soft actuator, which can be used to effectively control
both pressurization and depressurization of the soft actuator,
as shown in Figure 5b.

One of the key parameters characterizing the pumping
performance is the displacement or amount of fluid pumped
per revolution of the pump’s input shaft. Using straight spur
gears, the theoretical displacement as a function of the geometry
can be evaluated by using the following formula

T
— 2 2
shaft. D= Zw(da —d3) 1)
(a) Conventional (b) Proposed
Valve-Controlled Architecture Pump-Controlled Architecture
Flow Control
Accumulator Valve
Pressure/Force
Motor ¢ Presssg;i/;orce Motor Sensor
wel
Artificial [
Compressor Muscle

Controller

Controller

Figure 3. Conventional control architecture versus our proposed architecture with direct coupling between motor-pump unit and artificial muscle, which
enables a higher degree of system integration. a) Conventional architecture is valve-controlled, meaning that the fluid flow to the artificial muscle is
controlled by valves located in-between the artificial muscle and a high-pressure accumulator. b) In the proposed mechatronic system, the fluid flow to
and from the artificial muscle is directly controlled via the angular velocity of the motor-pump unit, which allows us to bypass auxiliary elements, such as
accumulator and control valves.
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N.  Part Mass
(kg) (%)
Mechanical Components
1 Support Base 0.11 7
2 Motor 0.45 27
3 Pump 030 18 '(7'290/':)’3’
4 Fluid Tank 0.25 15
5 Soft Actuator 0.08 5
Electrical Components
6  Controller 0.08 5
7  Pressure Sensor 0.07 4 0.45 kg
8  Force Sensor 0.01 1 (28%)
9  Battery 0.29 18
Total 1.64 kg

Figure 4. Design elements of the developed system. All the mechatronic components are integrated into a compact (27 x 14 cm) and lightweight (1.6 kg)
ensemble for deployment as a portable system. The table (right) details the mass breakdown of the system.

(a) Forward fluid flow

HAM contracts

Gear Pump

Backward fluid flow

HAM elongates

Gear Pump

(b)
0.6 .
I -
- 05 = reference
n(_v —pump Off
0.4 —pump On
s pump

Figure 5. Bidirectional control of the developed gear pump enables control of both contraction and elongation of the HAM. a) By switching the direction
of the angular velocity of the pump, it is possible to revert the direction of the fluid flow between the fluid tank and the artificial muscle, which can be used
to control both contraction and elongation of the artificial muscle. b) Controlling the (backward) fluid flow from the artificial muscle to the fluid tank allows
for an expedited depressurization and thus elongation of the soft actuator, which cannot be achieved in unidirectional pump systems.

where d, and dg are the diameters of addendum and dedendum
circles, respectively, and w is the face width of the gears.[56’57]
Another key parameter is the number of gear teeth, which
strongly affects the variation of the supplied flow. A high number
of teeth is desirable to have a constant flow. However, if this
number is too high, it will cause a quick pressure surge, due
to simultaneous meshing of more than two teeth, inducing
increased noise and vibration, and decline in efficiency. In
our case, considering the coupled motor-pump system, the gears
were designed with 19 teeth, resulting in a theoretical displace-
ment of 0.34 mL/rev and in a flow rate of about 2.0 Lmin ' at the
maximum speed (6000 rpm) of the motor.

For the working fluid, we used hydraulic oil with viscosity ISO
VG 68. Compared to water, the choice of hydraulic oil has several
advantages: 1) its higher viscosity enables higher pressure gen-
eration and reduced internal leakages, even though at the cost of
a slower dynamic response; 2) the oil enables lubrication between
the surfaces in mutual contact; 3) the oil acts as an antirust agent
in preventing galvanic corrosion of the metal parts; and 4) oil
does have more compliance than water, which can have undesir-
able shock effects (e.g., water hammer), resulting in high-
pressure spikes that can damage system components.

Adv. Intell. Syst. 2024, 2400171 2400171 (5 of 11)

The pressure control of the system is implemented on
Arduino (Arduino, UNO R3, Italy) and is performed through
an electronic speed controller (BlueRobotics, Basic ESC, USA),
which regulates the angular velocity of the motor and thus the
fluid flow rate delivered by the pump. A pressure sensor and
a force sensor allow measuring the hydraulic pressure and
applied force as feedback control signals.

3. Experimental Evaluation

This section presents the experimental evaluation of the devel-
oped robotic system to verify if its dynamic performance meets
the requirements for physical assistance at the lower limb joints,
as introduced in Section IIA. The evaluation includes: 1) the
energetic characterization of the fluidic engine, and 2) the
dynamic characterization when driving a soft actuator.

3.1. Energetic Characterization

The energetic performance of the system is of particular impor-
tance for a power-autonomous application. For a comprehensive

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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analysis, the efficiency of the fluidic engine is evaluated at differ-
ent conditions, given by the combinations of multiple duty cycles
and multiple output loads. The motor speed is regulated by
modulating the duty cycle, while the load is manually varied
by modulating the impedance of the circuit through a flow rate
control valve (Parker F200S). For this test, the soft actuator is
removed, and the liquid is directly returned to the fluid tank.

The motor-pump efficiency is defined as the ratio between the
output power P, of the hydraulic fluid and the input power P,
provided by the electrical supply, namely

Pout _ ﬂ
P, VI

Mot = (2)
where ¢ and p are the flow rate and pressure of the fluid, respec-
tively, while V and I are the supply voltage and drawn current,
respectively. Furthermore, the overall efficiency 7, can be split
into two components determined by the efficiency of the motor
m and the pump n,, i.e., s = Nmhp, With

where 7 and o indicate the torque and the angular velocity at the
motor shaft, respectively.

To measure the involved quantities, the system is equipped
with four additional sensors. Specifically, the testing setup
includes a current sensor (ACS712 module) to measure the input
current I drawn by the system, a magnetic encoder (Pololu 3081)
for the angular velocity w of the motor shaft, a pressure sensor to
measure the differential pressure p of the fluid, and a flow meter
(Macnaught MX06) for the flow rate ¢. The torque 7 instead can
be estimated as ¢ = Kri, where Ky is the torque constant of the
motor and i is the phase current. In our case of a three-phase
motor featuring winding in a delta configuration, the phase
current can be approximated as i = I/+/3.°%

The results reported in Figure 6 show a maximum total effi-
ciency of about 15% (at 0.32 MPa and 5000 rpm), comparably
higher than maximum values reached by other state-of-the-art
systems on a similarl®® (8%) or smaller scale®®’ (2%). Nonethe-
less, there remains room for improvement, especially in the
pump component. For instance, although internal leakage is
unavoidable (some clearance between the gears and the housing

0]
m = 7 (3)  isneeded to allow for the rotation of the gears), enhancements in
volumetric efficiency could be achieved from more advanced
= ¢p () hydrodynamic sealing technologies and pressure compensation
L ) systems.®” In turn, these additional features would make the
a
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Figure 6. a) Our developed mechatronic system achieved relatively high efficiency thanks to the high contributions of b) motor only and c) pump only.
A maximum value of about 15% is recorded at 0.32 MPa and 5000 rpm, which is comparably higher than peak efficiencies reached by other state-of-the-art

systems on a similar scale.
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system more complex and bulkier. Thus, a compromise between
efficiency and portability should be considered for optimal
performance.

3.2. Dynamic Characterization

The actuation behavior of a soft actuator is dominantly governed
by the pressure source. Typically, characteristic curves of
McKibben muscles are obtained using large pressure generators
capable of imposing a constant pressure regardless of the state of
the soft actuator. To assess the suitability of our system for
human-scale force generation, we evaluated the dynamic perfor-
mance using three commercial artificial muscles with different
shape factors (Festo DMSP Fluidic Muscle). The details of the
tested HAMs are listed in Table 3.

Figure 7a shows the free stroke responses: the HAM was held
on one end, while the other end was free to move, enabling the
linear contraction of the actuator as the pressure increased. The
muscle’s motion was recorded by a camera and then analyzed
with the Kinovea software suite. The two HAM with the same
diameter g = 10mm but different rest length L of 260 and
280mm, denoted as HAMpl10 x 260 and HAMg10 x 280,
showed a similar contraction behavior, exhibit a maximum
contraction ratio of about 21% at 0.75 MPa, equivalent to
displacements of 55 and 59mm, respectively, while
HAM@20 x 200 with larger dimeter and shorter rest length

Table 3. Artificial muscles details and specifications. Different sizes are
considered to evaluate the effect of the muscle shape factor on
dynamic performance.

Diameter Rest Max Target Transfer
o [mm] length L  pressure force Fy function
[mm] pw [kPa] [N] coefficients
No Dy Do
Artificial muscle
HAMg10 x 260 10 260 800 500 5.18 3.07 5.20
HAMg10 x 280 10 280 800 500 230 1.90 230
HAMg20 x 200 20 200 600 1000 0.52 0.92 0.51
(@)2s
ol
= - HAM@10x260 BT
& 20} HAM@10x280
o — HAM@10x260
S 15p
c
8
g 10
€
8 s+
-
o/ L L L L )

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
pressure (MPa)

www.advintellsyst.com

reaches about 25% contraction ratio at 0.55 MPa with a smaller
displacement of 50 mm.

In Figure 7b, the blocked force is measured as a function
of the applied pressure during the cycle of pressurization
and depressurization. It shows that HAMg10 x 260 and
HAMg10 x 280 generate similar peak forces of 580 N, while
HAMg20 x 200 can reach over 2 times higher forces up to
1300 N, significantly higher than the required value in
Table 2. The hysteresis is attributed to the combined effects
of the rubber and the dynamics of the pressure source, which
results in different stress—strain curves during loading and
unloading of the HAM.

To evaluate the responsiveness of the system, we performed
the step response of the three HAM (Figure 8a). The target value
of force Fy was set a bit lower than the maximum capability of
each HAM, as reported in Table 3. As expected, HAM@10 x 260
exhibited the fastest response, with a rise time from 0% to 90%
Fy of 0.8s, while HAM@20 x 200 is the slowest (rise time of
2.7s), due to the different volumes of fluid involved. The
measured results were approximated by second-order transfer
functions of the shape

No

F(s) =50
) s 4+ Dys+ D,

®)

whose coefficients are reported in Table 3, while the relative bode
plots are shown in Figure 8b. The bandwidth frequencies result
in 0.8, 1.7, and 2.4 Hz, respectively, which are in line with
the bandwidth of fiber-reinforced soft actuators reported in
literature.**%*=%%] Furthermore, Figure 8c and d shows the force
tracking experiments in the case of stair and sinusoidal signals,
respectively. The latter results show good tracking performance,
with root means square errors between 6% and 8% of the target
force Fy;, indicating that the system is suitable for force control-
based applications.

Finally, the performance of the system was showcased in vari-

ous situations. In particular, Figure 9a and b demonstrate the
capability of producing high forces and absorbing energy, respec-
tively, indicating that the muscle was able to lift a 20 kg object
through a stroke of 18 mm and was resilient to remarkable
impacts with no adverse effects. The combination of these two
properties is fundamental for safe and effective interaction with
(b) 1400
= 1207 44.}2
T 1000 -
I
S 800F
2 600
[$]
S 400
Q0
200
ot — .
-0.2 0 0.2 0.4 06 038

pressure (MPa)

Figure 7. Force—displacement characterization of the developed portable electrohydraulic system when driving three artificial muscles with different
shape factors (see Table 3). Each of the muscles meets the force requirement of 394 N. a) All the soft actuators show a maximum contraction ratio
between 20% and 25% of their original length, corresponding to a displacement of about 5 cm. b) Maximum blocked force reaches about 600 N
(at 7.4 bar) for HAM with diameter @ = 10 mm and up to 1300 N (at 6 bar) for the HAM with g = 20 mm.
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Figure 8. Closed-loop force control. The muscle HAM@10 x 260 is the most suitable for application in assistive wearable robots because it is the only one
that exhibited a bandwidth higher than the required value of 2.0 Hz. a) Step response to reach the value Fy; set as target force, where Fy; = 500 N for the
HAM with @ = 10 mm and F,; =1000 N for the HAM with @ = 20 mm. The response velocity is proportional to the volume of fluid involved, where
the HAMg10 X 260 is the fastest, while the HAM@20 x 200 shows the slowest response. b) Bode diagrams of the second-order models that best fit the
responses of the three HAM. The bandwidth frequencies are marked in the plot, showing a maximum value of 2.4 Hz for the HAMg10 x 260. c,d) The
comparison between the desired and actual force in the case of stair and sinusoidal signals shows good tracking performance, indicating that our system

can be used for force control in collaborative applications.

humans. An example of potential application is illustrated in
Figure 9c, where the artificial muscle HAMg10 x 260 is used
to drive ankle plantarflexion movement on a mannequin. The
muscle runs along the back of the shank and pulls the heel
upward, producing an angular displacement of 38° from a neu-
tral position, significantly larger than the biological range of
motion during walking (about 30°). To conclude, human evalua-
tion was performed to assess the effect of the assistance on the
muscle activity of the biceps while holding a weight of 5kg.
Results reported in Figure 9d show that the electromyography
(EMG) data collected over a duration of 30s and normalized
by the maximum voluntary contraction were reduced on average
by 39% under assistance compared to the baseline condition
(without wearing the robot). While these preliminary results lack
statistical significance, they offer a promising glimpse into the
robot’s capabilities for assisting users in various tasks. Further
research is crucial to solidify these findings and validate the
robot’s effectiveness in real-world scenarios.

4, Discussion and Conclusions

This article presented the development and experimental
evaluation of a standalone fluidic engine for application in col-
laborative soft wearable robots. As illustrated in Figure 2 and
Table 1, compared to the state-of-the-art fluidic actuation designs
which are either tethered to stationary pressure sources or
limited to low force capabilities, the proposed design achieves

Adb. Intell. Syst. 2024, 2400171 2400171 (8 of 11)

both portability (1.6kg) and high-force capability (580 N).
These properties make the developed system appropriate for por-
table (i.e., compact and lightweight) and collaborative (i.e., able to
deliver human-scale forces) applications, which can empower the
deployment of soft wearable robots in community life.

The experimental results show that the developed system is
able to generate pressure up to 0.75 MPa with a peak efficiency
of 15%. The actuation unit has been tested for driving a
McKibben muscle, being suitable to produce high forces
(580 N) and significant contraction ratios (21%).

The proposed approach combines the compliance of hydraulic
actuation with the versatility and ease of control offered by elec-
tric technology. Thanks to its high-power density, it enables a
substantial reduction of the weight that is highly demanded in
both assistive devices and aerospace applications.[*>**%%! A limi-
tation of this work is that it is designed to actuate a single soft
actuator. The operation of a single actuator is a common situa-
tion in wearable applications, where the assistance of a single
joint is often needed. In the case of multiple actuators, a
motor-pump unit would be required for each actuator, which
demands a mindful evaluation of the pros and cons in compari-
son with the traditional method based on servo valves. Similar
considerations apply to the scalability of the system as the size
of the actuator increases. As shown in Figure 7a, while larger
actuators can produce higher forces, their response is signifi-
cantly slower, which may not meet the application requirements
in terms of dynamic performance. In that case, a larger motor-
pump unit may still do the work toward a portable system, but it

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 9. Demonstrations of system performance. a) High assistive force: the muscle is able to lift a 20 kg object through a stroke of 18 mm; b) resilience
to impacts: the muscle operated at a pressure of 0.3 MPa undergoes the weight of a forklift (4 tons) and three hammer blows with no adverse effects;
c) proof-of-concept demonstration of wearable robot application for ankle plantarflexion: a range of motion of 38° is achieved at the ankle joint in this
setup; and d) human evaluation: the effect of assistance was evaluated on the muscle activity of biceps while lifting a weight of 5 kg. Results show that on
average the EMG was reduced by 39% with assistance compared to the baseline condition (without the robot).

would inevitably entail an increase in the system weight and
bulkiness.

Furthermore, there is the possibility of using the proposed
fluidic engine to control two soft actuators working in opposi-
tion to each other, which may be used to mimic the architecture
of two antagonistic artificial muscles. This configuration can be
achieved by replacing the fluid tank employed here with a
second soft actuator, so that the bidirectional pump is
used to control the fluid flow between the two actuators.
This architecture will be investigated in a future study,
along with the application of the proposed actuation technology
to a specific use case, such as a single joint exoskeleton.

Adv. Intell. Syst. 2024, 2400171 2400171 (9 of 11)

It will require an optimization of the HAM design for the target
joint to balance the performance of contraction ratio, force,
and total mass, and will enable the evaluation of the usability
and effectiveness of the device in physical human-robot
interaction.

Finally, we introduced two proof-of-concept examples of wear-
able devices using the proposed system. As suggested by these
examples, the developed unit offers opportunities for the unteth-
ered deployment of artificial muscles for assistance at both the
lower and upper limbs. Further refinements will be needed to
tailor the design and control of the device to application-specific
requirements or targets.
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